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We report the first experimental observation of anisotropic diffusion of polystyrene particles im-
mersed in a lyotropic liquid crystal with two different anchoring conditions. Diffusion is shown to
obey the Stokes-Einstein law for particle diameters ranging from 190 nm up to 2 µm. In the case
of prolate micelles, the beads diffuse four times faster along the director than in perpendicular di-
rections, D‖/D⊥ ≈ 4. In the theory part we present a perturbative approach to the Leslie-Ericksen
equations and relate the diffusion coefficients to the Miesovicz viscosity parameters ηi. We provide
explicit formulae for the cases of uniform director field and planar anchoring conditions which are
then discussed in view of the data. As a general rule, we find that the inequalities ηb < ηa < ηc,
satisfied by various liquid crystals of rodlike molecules, imply D‖ > D⊥.
PACS numbers: 05.40.Jc; 82.70.Dd; 83.80.Xz
Dispersions of colloids in nematic liquid crystals
(NLCs) show singular properties, that are related to the
anisotropy of the nematic phase and to the anchoring of
the nematogens on the particle surface [1–4]. The colloid
imposes on the neighboring LC molecules an orientation
that locally breaks the uniform nematic alignment and
gives rise to elastic interactions. In order to satisfy the
global boundary conditions, each inclusion is accompa-
nied by topological defects that determine the long-range
deformation field and govern colloidal pattern formation
[5–11].
A Brownian particle in a NLC thus drags a nematic
deformation along its random trajectory, and its diffu-
sion behavior constitutes a sensitive probe to the local
order parameter and surface anchoring. In an isotropic
medium, the Stokes-Einstein coefficient D = kBT/3piηd
is given by the particle diameter d and the scalar vis-
cosity η. A more complex situation arises in a nematic,
where viscosity is a tensor quantity and where the direc-
tor and velocity fields exert forces on each other [12, 13].
Thus the viscous stress of a diffusing particle on the sur-
rounding fluid, is not the same for motion parallel and
perpendicular to the director, resulting in two coefficients
D‖ and D⊥.
So far anisotropic colloidal diffusion has been stud-
ied in thermotropic NLCs, made of rod-like organic
molecules the anchoring of which is determined by the
surface chemistry [14–18]. Rather generally, diffusion
turns out to be faster along the director, with a ratio
D‖/D⊥ smaller than 2. A recent study on silica beads
dispersed in nematic 5CB with normal anchoring condi-
tions [18], reported that the diffusion coefficients D‖ and
D⊥ of large particles show the size dependence D ∝ 1/d
expected from the Stokes-Einstein relation, yet surpris-
ingly saturate for smaller particles at an effective hydro-
dynamic diameter of about 300 nm. The role of surface
chemistry, which controls the anchoring of the nemato-
gens, was put forward in an attempt to rationalize the
observations.
Since boundary conditions are of paramount impor-
FIG. 1: (a) Brownian trajectory of a 190nm-diameter fluores-
cent PS particle, consisting of 2800 time steps of 0.3 s. Dif-
fusion is faster parallel to the director (double arrow). Inset:
Schematic of the director field distortions around a sphere
in planar anchoring conditions. The black dots symbolize
“boojum” defects [3]. (b) Histogram of the measured parti-
cle displacement δ parallel and perpendicular to the director
during a time τ = 0.3 s, as obtained from a sample of 20,000
trajectory steps. The solid lines are Gaussian fits.
tance in nematic colloids, we found it worthy to inves-
tigate particle mobility in lyotropic liquid crystals for
which various anchoring conditions are easily achieved
without altering the surface chemistry [19]. The latter
does indeed influence the particle diffusion coefficients
as shown in Ref. [17]. Lyotropic LCs are water-based
surfactant mixtures, and in such systems, anchoring con-
ditions depend critically on the shape of the surfactant
micelles (nematogens). The latter can be tuned, through
tiny changes of surfactant concentrations, from rodlike
(Calamitic Nematics, NC phase) to disklike (Discotic Ne-
matics, ND phase) [20, 21]. And for entropic reasons
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2FIG. 2: Stokes-Einstein evolution of the diffusion coefficients
D‖ (along the nematic director) and D⊥ (perpendicular to
the nematic director) as a function of the particle diameter.
The ratio D‖/D⊥ is about equal to 4.
[22], spontaneous planar (NC) and normal (ND) anchor-
ing conditions can be achieved at constant surface chem-
istry (and consequently constant anchoring strength), in
contrast with the thermotropic case where varying the
anchoring conditions requires a change in the particles
surface chemistry.
In this Letter, we report on both experimental and the-
oretical work on anisotropic diffusion. We present data
for particles with diameters d ranging from 190nm to
1.9µm, both in planar and normal anchoring conditions
of the lyotropic LC at the particle surface. To the best
of our knowledge, these are the first data obtained in
lyotropic systems and in both anchoring conditions. In
the theory part, we develop an original perturbative ap-
proach which provides the effective viscosities to linear
order in terms of the Leslie coefficients. The obtained
expressions enable a direct comparison with the exper-
imental relevant quantities and can account for the ob-
served diffusion anisotropy.
The two NLC phases used are the NC and the ND
phases of the water/decanol/sodium dodecyl sulfate ly-
otropic system, which can be obtained at very close
experimental concentrations (NC 71/24.5/4.5 %; ND
73/23.5/3.5 %) [20, 21]. In the NC phase, the surfactant
molecules form nanometer-sized rodlike (prolate) micelles
(with long and short axes of 9 nm and 3.5 nm [23]), which,
in order to minimize their excluded volume, show pla-
nar anchoring at the surface of the dispersed polystyrene
spheres (PS). In the ND phase, and for similar reasons,
the disklike (oblate) micelles (with diameter 8 nm and
thickness 3.5 nm [23]) anchor normally at the surface
(with the disk normal perpendicular to the surface) [19].
Unlike colloidal suspensions in thermotropic NLCs, this
dispersion does not require surface functionalization.
We used classical and fluorescence optical microscopy
combined with standard video tracking routines [24] to
probe the Brownian diffusion in lyotropic phases. A typ-
ical trajectory of a 190nm-diameter particle derived from
2,800 snapshots is shown in Fig. (1a) for the NC case.
Its elongation along the nematic director n indicates that
diffusion is faster in this direction. In the histogram of
Fig. (1c), we plot the displacements parallel and per-
pendicular to n, for a total of 20,000 trajectory steps.
The probability that the particle moves a distance δ in
time τ , P (δ, τ), is very well fitted by a Gaussian distri-
bution; its standard deviation is related to the diffusion
coefficient through δ2 − δ2 = 2Dτ [25]. In Fig. (2a),
we plot D‖ and D⊥ as a function of the inverse particle
radius in the NC phase whereas Fig. (2b) displays the
results for the ND phase. However, due to experimen-
tal limitations [26], only D⊥ could be determined in the
latter case. The straight lines confirm the linear depen-
dence of the Stokes-Einstein relation whatever the an-
choring conditions. The friction coefficients are different
for motion parallel and perpendicular to n and the large
anisotropy ratio D‖/D⊥ ≈ 4 indicates a strong nemato-
hydrodynamic coupling in the LC matrix. Note also the
very close values measured for D⊥ in the ND phase and
D‖ in the NC phase. Our results then differ considerably
from the measurements of [18] in a themotropic NLC,
where the diffusion coefficients become constant for par-
ticles smaller than about 300 nm, with D‖/D⊥ ≈ 1.6.
In the remainder of this paper, we study how the dif-
fusion anisotropy arises from the viscous properties of
a NLC. The fluctuation-dissipation theorem relates the
friction coefficient to the velocity u = F/3piηd of a spher-
ical particle driven by an external force F . Thus calculat-
ing the Rayleigh function Ψ = Fu provides an effective
viscosity in the form Ψ = 3piηdu2, which takes two values
η‖ and η⊥ for motion parallel and perpendicular to the
director.
The friction coefficients are calculated from the Leslie-
Ericksen equations of nemato-hydrodynamics for |n| = 1
and an incompressible fluid. Energy dissipation occurs
through two channels [12, 13],
Ψ =
∫
dV ψ, ψ = σ : A+ h ·N, (1)
where A and N are thermodynamic fluxes, and σ and h
the corresponding forces. The rate of strain tensor
Aij =
1
2
(∂ivj + ∂jvi) (2)
is given by the symmetrized derivatives of the flow v(r)
in the vicinity of the particle moving at velocity u. The
vector quantity
N = ((v − u) · ∇)n− ω × n, (3)
with the curl ω = 12∇× v, expresses the rate of change of
the director with respect to the background fluid. The
conjugate forces, that is the viscous stress tensor σ and
the molecular field h, are linear functions of the compo-
nents of A and N [12, 13]. Inserting their steady-state
3TABLE I: Effective viscosities for zero anchoring (uniform
director). The middle column is obtained from Eqs. (6) and
(7) with the Leslie coefficients of 5CB and MBBA [12, 13],
the last one is derived from Stark’s numerical calculations [3].
Uniform director present work numerically exact
5CB η‖ (P) 0.429 0.381
η⊥ (P) 0.724 0.754
MBBA η‖ (P) 0.412 0.380
η⊥ (P) 0.650 0.684
expressions in (1) one has
ψ = α1(n ·A · n)2 + (α3 − α2)N2
+ (α3 + α2 + α6 − α5)n ·A ·N
+ α4A : A+ (α5 + α6)n ·A ·A · n. (4)
Parodi’s relation α3 + α2 = α6 − α5 reduces the viscos-
ity tensor to five independent Leslie coefficients αi. The
various scalar products result in an intricate dependence
on the relative orientation of the macroscopic director n0
and the particle velocity u.
In the absence of nematic ordering, n = 0, the power
density reduces to ψ = α4
∑
ij A
2
ij . The tensor (2) is
readily calculated from the velocity field of a spherical
particle moving in an isotropic liquid,
v =
(
3a
4r
(1 + rˆrˆ) +
a3
4r3
(1− 3rˆrˆ)
)
· u (5)
where rˆ = r/r. The resulting Rayleigh function Ψ0 =
3
2pidα4u
2 defines the isotropic viscosity η0 =
1
2α4. In a
NLC, however, the velocity and director fields depend on
each other through the equations for σ and h. Then Ψ is
a complicated function of the Leslie coefficients, and it is
not possible to single out the dissipation due to a given
term. Though the problem can be solved with consider-
able numerical effort [1, 3, 27–30], the resulting numbers
for the effective viscosities give no physical insight in the
underlying mechanism.
The present work relies on two approximations. First,
we evaluate (2) and (3) with the above velocity field v(r)
of a particle in an isotropic liquid. Formally this amounts
to linearize ψ with respect to the ai. Second we use a
simple parameterization for the director n(r) which is
independent of the velocity field and which depends on
the particle size through the reduced distance d/r only;
in other words, the director has no intrinsic length scale.
With these assumptions, the Rayleigh function becomes
linear in the αi and in the particle size d.
Uniform director (UD). We start with the case where
the particle surface does not affect the liquid crystal order
parameter. Then the director is constant, n = n0, and
with the explicit form of the tensor ∂ivj [31], the dissipa-
tion function can be calculated in closed form. It turns
out convenient to rewrite the Leslie parameters α2, ..., α6
in terms of the Miesovicz viscosities ηa, ηb, ηc given in
FIG. 3: Schematic view of a colloidal particle in a liquid crys-
tal. The particle moves along the z-axis; the shear in the
plane z = 0 is indicated by the decay of the fluid velocity
field. In the left panel the director is parallel to the particle
velocity, with an effective shear viscosity ηb. The remainder
shows the perpendicular case n0 = ex; in the middle a view
of the x-z-plane with ηc, at right the y-z-plane with ηa. The
Miesovicz viscosities ηa, ηb, ηc are expressed in terms of the
Leslie parameters.
Fig. 3; the effective viscosity for a particle moving along
the nematic order, u ‖ n0, then reads
ηUD‖ =
8α1
70
+
4ηb + ηc
5
. (6)
Similarly, we find for the perpendicular case u⊥n0
ηUD⊥ =
3α1
70
+
5ηa + ηb + 4ηc
10
. (7)
It is noteworthy that the five independent viscosities of
(4) reduce to three or four terms. In Table I we compare
our formulae with Stark’s numerical calculations for the
liquid crystals 5CB and MBBA [3], and find that the
numbers differ by hardly 10%. Though it slightly un-
derestimates the viscosity anisotropy, the linearization
approximation is therefore quantitatively correct.
Because of the small weight of the first term in (6) and
(7), the anisotropy arises mainly from the Miesovicz vis-
cosities. Its physical origin is illustrated in Fig. 3 for a
particle moving in the vertical direction. The pole regions
being of minor importance, we focus on the shear flow in
the plane z = 0, where the viscous stress simplifies to the
in-plane derivatives of the vertical velocity component
∂vz/∂x and ∂vz/∂y. The left panel shows the parallel
case, and the middle and right panels the perpendicular
one, with the corresponding shear viscosities. This quali-
tative picture is confirmed by the large weight of ηb in the
parallel viscosity (6), and of ηa and ηc in (7). Data for
common NLCs made of rodlike molecules suggest that α1
is small; more importantly, they satisfy the inequalities
ηb < ηa < ηc [13] and thus imply η‖ < η⊥, which is in
line with our results.
Planar anchoring (PA). A finite surface energy de-
forms the nematic order parameter in the vicinity of the
colloidal particle. Here we consider the case of planar an-
choring, which is illustrated in the inset of Fig. 1a. As the
distance from the particle increases, n varies smoothly
toward the constant n0. Even for the simplified one-
constant elastic energy, there is no general solution for
4TABLE II: Coefficients of the effective viscosity (9) for a
spherical particle with planar anchoring (PA), moving par-
allel or perpendicular to the director. The measured values
are obtained by fitting the straight lines in Fig. (2a) with
D = kBT/3piηd .
PA C1 Cb Cc Cd measured
η‖ 0.08 1.02 0.40 −0.48 0.31 Pa.s
η⊥ 0.04 0.24 0.41 −0.15 1.24 Pa.s
the spatially varying order parameter [3]. It is conve-
niently parameterized by
n = n0 cos Θ− n⊥ sin Θ , (8)
where n⊥ is a radial vector perpendicular to n0 . Be-
cause of its rotational symmetry, the director is deter-
mined by a single function Θ(r), which decays as 1/r3
at large distances. Here we use the ansatz of Luben-
sky et al. [8], which for planar anchoring results in
Θ =
∑∞
k=1[sin(2kθn)/k](d/2r)
1+2k, where θn is the polar
angle with respect to n0, that is cos θn = rˆ · n0 .
With the director (8) and the velocity (5), the dis-
sipation function (1) is calculated numerically for both
parallel and perpendicular alignement; it yields to the
following viscosities
η = C1α1 + (1−Cb −Cc)ηa +Cbηb +Ccηc +Cdηd , (9)
where we have defined a fifth independent parameter
ηd =
1
2 (α6−α3) = 12 (α5 +α2) . From the numerical coef-
ficients in Table II it is clear that the viscosity anisotropy
arises essentially from Cb and Cd. Since Cd = 0 for a uni-
form director, finite values of Cd reflect distortions due
to anchoring. In the following, we discard the first term
because of the small coefficient C1. (Moreover, α1 is also
small for several thermotropic NLCs [12, 13]).
Comparison with experiment. From the straight lines
in Fig. (2a) (NC phase, planar anchoring) and the
Stokes-Einstein relation, we deduce the experimental val-
ues η‖ = 0.31 Pa.s and η⊥ = 1.24 Pa.s. Using a plate-
cone rheometer, the zero shear effective viscosity was
found to be ηS ' 0.4 Pa.s at T = 25◦C. Though these
numbers are not sufficient to determine all Leslie param-
eters, they present several noteworthy constraints. In
view of the coefficients listed in Table II and Eq. (9),
we deduce ∆η = η‖ − η⊥ ' (C‖b − C⊥b )(ηb − ηa) +
(C
‖
d − C⊥d )ηd . From experiments, ∆η < 0, which there-
fore implies ηb < ηa and suggests that ηd is small or
positive. The zero shear effective viscosity is given by
ηS = maηa + mbηb + mcηc, with mi =
1
3 in a polycrys-
talline sample. Because of the planar anchoring condi-
tions on the confining surfaces of the rheometer, we ex-
pect a smaller weight for ηc ; in addition, shear-induced
alignment would reduce ma. Indeed, we find that the
three equations for η‖, η⊥, and ηS have solutions only if
ma,c < 0.15 and mb > 0.7, and strongly suggest ηa < ηc.
These inequalities are satisfied by the Miesovicz parame-
ters that are required to fit our data: For example, setting
ηd = 0 and ma,c = 0.05 , the measured viscosities are met
with ηb = 0.27 Pa.s, ηa = 1.46 Pa.s, ηc = 1.61 Pa.s. This
discussion qualitatively agrees with that of η⊥ measured
for planar anchoring in the thermotropic NLC 5CB [17].
Finally, we close with a remark on diffusion in dis-
cotic nematics (ND phase) where the anchoring is nor-
mal and not planar anymore. As aforesaid, the data for
the perpendicular coefficient D⊥ in Fig. (2b) are almost
identical to those for D‖ in the NC phase. As discussed
above, the left panel of Fig. 3 implies η‖ ∼ ηb for pro-
late micelles; a similar argument for oblate ones suggests
η⊥ ∼ ηc . Consequently, the important point is that,
in the ND phase, one expects the Miesovicz viscosities
to satisfy ηc < ηa < ηb. Thus, it does not come as
a surprise that η⊥(ND) and η‖(NC) take close values.
This argument implies moreover that diffusion in the ND
phase should be faster perpendicular to the director, i.e.
D‖ < D⊥ [26].
In summary, we have investigated diffusion in lyotropic
LCs with two different anchoring conditions. Our mea-
surements confirm Stokes friction D ∝ 1/d in both cases,
unlike a previous study on thermotropic NLCs [18]. In
the NC phase, we found an unusually large viscosity ra-
tio η⊥/η‖ ≈ 4 which can be accounted for thanks to
our perturbative theoretical approach. Our analysis im-
poses ηb < ηa < ηc on the Miesovicz parameters in the
NC phase (which is usually the case [32]), and suggests
ηc < ηa < ηb with D‖ < D⊥ in the ND phase. As a
short-term follow-up work, we will evaluate Eq. (9) for
the case of normal anchoring and an independent mea-
surement of the Miesovicz viscosities together with the
additionnal parameter ηd would be most desirable.
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